Abstract-We propose a modified two-tone method that could be used for sensitive measurements of the intrinsic microwave surface impedance ( ) 
A CCURATE measurements of the microwave surface impedance of superconductor films are very important for various microwave applications as well as for understanding the electrodynamics inside superconductor films. For this purpose, the dielectric resonator method has been proved very useful, with numerous studies performed by using this method [1] - [5] .
When the surface resistance of superconductor films is obtained from the measured quality factor of the mode dielectric resonator, it is very important to know the loss tangent of the dielectric accurately. For this purpose, different methods for the of low-loss dielectrics have been reported [6] - [10] . Recently, Kobayashi et al. proposed the so-called 'two-tone method', which they used to measure both the of sapphire and the surface resistance of (YBCO) films simultaneously [11] . This method provides an excellent way to measure the loss tangent of the dielectric with very low loss and the surface resistance of superconductor films with accuracy. However, it is still pointed out that this method is only useful for measuring the effective surface resistance of superconductor films if the film thickness is not much larger than the penetration depth . That means, it is still impossible to assess the intrinsic microwave properties of superconductor films having different thicknesses by using the 'two-tone method'.
Here we report on a modified two-tone method that enables to measure the intrinsic of superconductor films as well as the of low-loss dielectric with accuracy. We demonstrate usefulness of our modified two-tone method using a rutile-loaded resonator. For obtaining the intrinsic , we measure of the superconductor film using a 19.6 GHz mode sapphire resonator with a small gap between the cavity and the top plate.
The measured values of rutile and the intrinsic values of the YBCO films at 15.2 GHz are compared with those at 8.5 GHz scaled to 15.2 GHz using the relation .
II. THEORETICAL BACKGROUND

A. The Two-Tone Method
In using the two-tone method, we design a dielectric resonator having the mode and the mode next to each other with no parasitic mode appearing between them. The unloaded of a dielectric-loaded resonator is described by (1) where , and denote the values of the top plate, the bottom plate, and the side wall, respectively, , the filling factor, , the loss tangent of the dielectric rod, , , and , the geometric factor of the top, the bottom and the side wall with for the mode and for the mode, respectively. The important part of the two tone method is that , , and in (1) are different between and while the mode resonant frequency and that of the mode are almost the same. In the two-tone method, we measure of superconductor films and at the average frequency of . More details on the two-tone method are found elsewhere [11] , [12] .
B. Relationship Between the Intrinsic Surface Impedance and the Effective Surface Impedance
Analytic expressions between the and the intrinsic of the superconductor films are obtained by using a mode field analysis based on a mode matching method. Although descriptions below are strictly based on the mode of the dielectric resonator, we note that the obtained results for the vs. relation applies to the other modes.
For a mode dielectric resonator as shown in Fig. 1 , the field distributions in the -th region are given by , , and with and . In expressing the field components, the origin is set at the center of the dielectric and . According to Zaki et al. [13] , the nonzero field components for regions 1 and 2 are given as follows. (2) for region 1 In region 3, and can be expressed by and . It is noted that in region 3 if the magnitude of the magnetic field is less than the lower critical field of the superconductor , and with , the permeability of the vacuum and , the complex conductivity of the superconductor in the region.
From the boundary conditions of at and at in region 4, we get with denoting the -th roots of the derivative of the Bessel functions and , respectively [14] . From another boundary condition of at between regions 3 and 4, is expressed by (6) with . Also, from the boundary condition of at and (6) for , we get with given by (7) Finally, for the modes, if is odd and if is even, for , 2. In this case, for odd and with denoting an integer and we get (8) At temperatures not too close to the critical temperature , the resonant frequency of the resonator can be calculated from (4)- (8), the relations of , , the equations for 's and 's and if is known. of the superconductor films can be obtained from the ratio of to , such that (9) The expression for from our TE mode analysis is similar to that obtainable by two successive impedance transformations at the surfaces of the substrate and the superconductor film [15] . That is, can also be rewritten by with denoting the effective surface impedance of the substrate. We note, however, the value used in the impedance transformation method is different from that in the TE mode analysis due to the difference in in the two methods:
in the TE mode analysis while in the impedance transformation method.
C. Measurements of the Penetration Depth
If the shift in the resonant frequency of a dielectric resonator is solely attributed to the changes in the surface reactance of the YBCO film at the top of the cavity, the variation in the effective penetration depth of the top YBCO film is given by with , and denoting the measured minimum temperature and the relevant mode resonant frequency, , the magnetic permeability of free space, and , the inverse of the geometric factor for the top plate corresponding to the resonant mode, respectively. at with denoting the real part of the ratio of the effective surface impedance to the intrinsic surface impedance (i.e., ), and the fitted value of can be obtained from a fit to using and the model equation for of the superconductor films of interest. If the resonant frequency of the resonator is not close to that of the substrate, the description for is almost the same as that obtained by impedance transformation method [15] . We note that, in general, the numerical solutions for the and values are obtained from (9) and using the measured and . Then, the intrinsic is obtained from . As the model equation for the temperature-dependent of YBCO films, we use .
III. EXPERIMENTAL
Two 300 nm-thick YBCO films with the critical temperature of 87 K were prepared on round (001) substrates with the diameter of 10 mm under the same preparation conditions. A rutile-loaded cavity was fabricated using a rutile rod having the dimensions of 3.9 mm in diameter and 2.2 mm in height, with the YBCO films used as the endplates. The cavity is made of oxygen-free high-purity copper (OFHC) with the diameter of 9 mm. We note that rutile is well known for its very small (e.g., at 77 K) despite that the dielectric constant is very high (e.g., 110 at 77 K). The resonator is weakly coupled throughout the measurements and the loaded values are obtained with the insertion loss more than 30 dB throughout the measurements. Loop coupling is used for the TE mode excitations. Cares needs to be taken to realize symmetric coupling to the resonator, which enables to get from with denoting the insertion loss in decibel. The values obtained using the -parameter circle-fit method [16] , [17] appear almost the same as that by the insertion-loss method. More descriptions on the rutile-loaded cavity are reported elsewhere [18] . For obtaining the of the YBCO film at the top (i.e., in (1)) and of rutile, we used , , at 15.099 GHz for the mode and , , and at 15.253 GHz for the mode at 10 K, respectively. The and values of OFHC were separately measured at the and the mode frequencies using the rutile-loaded resonator with the top and the bottom plates made of OFHC. of the YBCO films could be measured using a 19.6 GHz mode sapphire resonator with a 10 gap between the top and the rest parts of the resonator, as shown in Fig. 2 . The dimensions of the sapphire-loaded cavity are 9 mm and 5 mm for the diameter and height, respectively, with the dimensions of sapphire being 5 mm in diameter and 5 mm in height. The mode resonant frequency is 19 GHz for the open-gap resonator. In this scheme, the gap between the cavity and the top plate enables to control the temperature of the top YBCO film separately while maintaining the temperature of the cavity at the same temperature within 0.5 K. That means, the shift in the mode frequency of the resonator is solely attributed to the changes in the surface reactance of the YBCO film. We note that the existence of the extremely small gap affects the shift in the resonant frequency within 5%. at 15.2 GHz is assumed to be equal to that at 19 GHz due to the frequency-independent nature of except at temperatures very close to the critical temperature. Later we compare the measured values for the intrinsic and at 15.2 GHz with those at 8.5 GHz for which the values of rutile are measured by using the reported of sapphire as the reference values [8] . We note that the reason for using an open-gap sapphire resonator separately for of the YBCO films is because the dielectric constant of rutile changes significantly even for a temperature fluctuation of 0.5 K. If a sapphire resonator is prepared for the two-tone measurement, the same resonator is better to be used for the measurements.
IV. RESULTS AND DISCUSSION
The dimensions of the rutile and the cavity are determined such that the two modes appear next to each other without being coupled to any other parasitic modes. In Fig. 3 , the simulated results obtained by 'Microwave Studio' are seen for the rutile resonator [19] , where the two modes are separated by 113 MHz with the resonant frequency for the mode and the resonant frequency for the mode. For the simulation, we use 108 for the dielectric constant of rutile, a value measured at 77 K. These values are close to the calculated ones from the analytic expressions described in II-B, which are 15.177 GHz and 15.291 GHz for the and the modes, respectively. The nearest two parasitic modes above the and below the modes are seen at 14.964 GHz and 15.593 GHz in the figure.
The measured values for the resonant frequency of the two modes appear very close to the simulated and the calculated ones from field analysis. Fig. 3 also show the frequency response of the resonator measured at 10 K, where the two modes are seen at 15.099 GHz and 15.253 GHz . In Table I , we show a list of values for the measured , the resonant frequency, the geometric factor and the filling factor for the , and modes. We display the temperature dependence of the values of the two modes in Fig. 4 at temperatures above 6 K, where appear to change continuously as the temperature changes. This is in contrast with what we observed from another rutile-loaded resonator over a certain temperature range [12] , signaling that there is no mode coupling between the two modes and the nearby parasitic modes throughout the temperature range. In Fig. 4 , the mode and mode values are 500 000 and 1 200 000 at 6 K. The inset of Fig. 4 shows the temperature dependence of the resonant frequency for the two modes, where the increase of the resonant frequency for the two modes is due to the decrease of the dielectric constant of the rutile for increasing temperature. For obtaining the of the superconductor films, we measured the of OFHC separately at the frequencies and . For the measurement, we replaced the superconducting endplates by thick OFHC plates and obtained the values of OFHC from the measured of the two modes (Note that these values are the in (1)). We used the separately measured values for the of OFHC at and instead of using the relation of due to that copper shows the anomalous skin effect at low temperatures.
The temperature dependence of the of the YBCO films at measured by the two-tone method is seen in Fig. 5, with Furthermore the values at appear to match well with those at 8.5 GHz scaled to , as seen in Fig. 5 . The data at 8.5 GHz are collected using a separate mode rutile resonator, for which the values of the rutile scaled to 15.17 GHz are seen in the inset of Fig. 5 .
We note in the inset of Fig. 5 that the values appear significantly different between the two at temperatures below 30 K, with the measured at 15.17 GHz becoming almost twice larger than that at 8.5 GHz scaled to 15.17 GHz. Considering the of low-loss dielectrics strongly dependent on the impurity level, the observed difference in the at low temperatures is likely due to the difference in the crystal quality.
It is seen in the figure that the of the YBCO films about can be safely measured at low temperatures as far as in (1) . This means that the intrinsic of thin superconductor films on the order of 10 can be measured with accuracy after the thickness correction, with even better sensitivity achievable at lower frequencies with high-quality rutile having lower of the rutile rods. In this context, our data show that the impurity effect becomes stronger at low temperatures.
The temperature-dependent resonant frequency of the openended mode sapphire resonator is seen in Fig. 6 are likely due to the failure of the relation and near . Further studies are under progress to clarify this.
After obtaining , we proceed to get the intrinsic of the YBCO film. In Fig. 7 , we show the temperature dependence of the at 8.5 GHz and 15.17 GHz with the inset showing the at 15.17 GHz compared with that of at 8.5 GHz scaled to 15.17 GHz using the relation. We see in the figure that the two sets of the values agree well with each other with the differences of less than 6% at temperatures below 86 K.
Our results show that even the of rutile having a strong temperature dependence can be measured with accuracy by using a resonator properly designed for the two-tone method. The relatively low of rutile combined with the high dielectric constant would make it possible to measure the microwave properties of superconductor samples which is too small to be measured with sapphire resonator due to the limits in the measurement frequency.
V. CONCLUSIONS
A modified two-tone measurement method is proposed for sensitive measurements of the intrinsic and of the YBCO films as well as of low-loss dielectric. A rutile-loaded resonator with YBCO films used as the endplates is designed and tested, where the two relevant resonant modes (i.e., the and modes) appear close to each other enabling to measure of the YBCO films and the of rutile at 15.17 Hz at temperatures of 6-90 K. The dimensions of the rutile are 3.9 mm in diameter and 2.2 mm in height.
At temperatures not too close to , the relation of appears to hold within the discrepancy of less than 2% between the values measured at the resonant frequency of the and modes. The values appear significantly dependent on the crystal quality of rutile at temperatures below 30 K, with significantly different values observed for different rutile rods.
Accurate measurements of of low-loss dielectric and the penetration depth of superconductor films using an open-gap dielectric resonator scheme would enable to characterize the intrinsic microwave properties of various superconductor samples in a noninvasive way.
